The human genetic disorder ataxia-telangiectasia (A-T) is characterized by hypersensitivity to ionizing radiation and an elevated risk of malignancy. Epidemiological data support an increased risk for breast and other cancers in A-T heterozygotes. However, screening breast cancer cases for truncating mutations in the ATM (A-T mutated) gene has failed largely to reveal an increased incidence in these patients. It has been hypothesized that ATM missense mutations are implicated in breast cancer, and there is some evidence to support this. The presence of a large variety of rare missense variants in addition to common polymorphisms in ATM makes it difficult to establish such a relationship by association studies. To investigate the functional significance of these changes we have introduced missense substitutions, identified in either A-T or breast cancer patients, into ATM cDNA before establishing stable cell lines to determine their effect on ATM function. Pathogenic missense mutations and neutral missense variants were distinguished initially by their capacity to correct the radiosensitive phenotype in A-T cells. Furthermore missense mutations abolished the radiation-induced kinase activity of ATM in normal control cells, caused chromosome instability, and reduced cell viability in irradiated control cells, whereas neutral variants failed to do so. Mutant ATM was expressed at the same level as endogenous protein, and interference with normal ATM function seemed to be by multimerization. This approach represents a means of identifying genuine ATM mutations and addressing the significance of missense changes in the ATM gene in a variety of cancers including breast cancer.
A taxia-telangiectasia (A-T) is a rare human genetic disorder characterized by neurodegeneration, cell cycle checkpoint defects, radiosensitivity, and cancer predisposition (1, 2) . The gene defective in this syndrome, ATM (A-T mutated), is a member of the phosphatidylinositol 3-kinase family involved in DNA damage recognition and cell cycle control (2, 3) . Exposure of cells to ionizing radiation leads to the rapid activation of ATM kinase and in turn the phosphorylation of an array of substrates involved in the recognition and repair of damage in DNA as well as cell cycle checkpoint activation (4) (5) (6) (7) (8) . Loss of ATM function causes hypersensitivity to ionizing radiation, defective cell cycle control postirradiation, and genomic instability that seems to contribute to the increased incidence of neoplasia (1, 2) .
The majority of patients with A-T are compound heterozygotes, and a large majority of the mutations in ATM are truncating (9) (10) (11) . However, there is evidence for heterogeneity in A-T with some patients having a milder phenotype that seems to be related to the nature of the mutation involved. This less severe phenotype can be explained by the missense mutations or the capacity to produce some normal ATM protein. One such change, an intronic mutation that activates a cryptic splice site resulting in the insertion of 137 nucleotides of intronic sequence (5762 ins137), is leaky and allows the expression of a reduced amount of normal ATM (12) . A missense mutation (7271T 3 G) led to the expression of mutant protein at levels equivalent to that seen in normal cells and had Ϸ6% of the ATM kinase activity of normal protein (13) .
Although A-T is an autosomal recessive disease, there is evidence for some penetrance of the defective gene in heterozygotes. This penetrance is manifested by intermediate sensitivity to ionizing radiation in cells in culture (14) (15) (16) and an increased risk of developing cancer, particularly of the female breast (17) (18) (19) (20) (21) (22) (23) . However, molecular genotyping and mutation analysis have produced mixed results in establishing an association between ATM carrier status and breast cancer (24) (25) (26) (27) (28) (29) (30) (31) . Gatti et al. (32) in distinguishing between truncating mutations where no ATM protein is detected and missense substitutions where mutant protein of variable stability is observed, have suggested that this mutant protein could produce a dominant negative effect in a heterozygote, resulting in an altered phenotype. Evidence for such interference has been provided by Lim et al. (8) , who showed that overexpression of a kinase dead form of ATM inhibited the ATM-dependent phosphorylation of Nbs1 on Ser-343 postirradiation. The presence of a variety of rare variants and polymorphisms in the ATM gene in breast and other cancer patients makes difficult the identification of genuine missense mutations. We describe here the use of in vitro mutagenesis in ATM cDNA to mimic these rare variants followed by transfection into both A-T and control cells to distinguish physiologically important missense mutations from polymorphisms.
Materials and Methods
Cell Culture. The cells used were Epstein-Barr virus-transformed lymphoblastoid cells. C3ABR is a normal lymphoblastoid cell line, and AT1ABR and AT3ABR are A-T lymphoblastoid cell lines. The cells were cultured in RPMI medium 1640 supplemented with 10% FCS under an atmosphere of 5% CO 2 .
Site-Directed Mutagenesis. The QuikChange site-directed mutagenesis kit (Stratagene) was used to introduce the various changes into the ATM cDNA according to the manufacturer's protocol. Because of the combined size of the ATM expression vector (21 kb), it was not possible to introduce changes directly into the full-length construct. Consequently, a 5.1-kb SnaB1-NotI fragment, incorporating the 3Ј end of the cDNA, was isolated from pMAT1 (33) and cloned in pSL1180 (Amersham Pharmacia) for the generation of mutants. Mutants were identified by DNA sequencing, and the SnaB1-NotI fragment was subcloned into pMAT1, the full-length ATM cDNA, to generate expression constructs (see Table 1 ). Presence of the mutation was confirmed further by DNA sequencing of these constructs. All constructs were under control of the inducible metallothionein promoter and contained a FLAG sequence incorporated at the 5Ј end.
Transfection of Human Lymphoblastoid Cells. Transfections of Epstein-Barr virus-transformed lymphoblastoid cells were carried out as described (33) . Induction of ATM expression in control and A-T lymphoblastoid cells was carried out by using 5 M CdCl 2 for 6 h. To establish cell lines coexpressing different epitope-tagged forms of ATM we transfected stable cell lines expressing the FLAG construct with a full-length ATM cDNA containing a hemagglutinin (HA) sequence (pMAT3) at the 5Ј end of the gene. pMAT1 cells were transfected with pMAT3 as described above and plated out as single cells in 96-well plates. Because the selective marker in pMAT3 was also hygromycin, it was necessary to isolate clones expressing both forms of ATM. The presence of both plasmids in a single clone was confirmed by using PCR with primers specific for the HA͞FLAG sequences and a sequence within ATM. Four clones in total were isolated from a total of 190 wells (2% efficiency).
Viability of Cells Postirradiation. Cells were induced or mockinduced with 5 M CdCl 2 for 6 h and irradiated with 1-4 Gy of ␥-rays. Cell viability was determined as described (33) . The number of viable cells was counted daily up to 4 days postirradiation.
Radiation-Induced Chromosome Aberrations (ICAs). Cells were induced or mock-induced with 5 M CdCl 2 for 6 h and irradiated with 1 Gy of ␥-rays. Fifty metaphases were analyzed for each sample, and ICAs were determined (33) .
Kinase Assays. For ATM kinase assays, control and A-T cells were treated with 6 Gy of ionizing radiation. Kinase assays were performed as described (34) . Briefly anti-ATM immunoprecipitation was performed with anti-ATM antibody (ATM-5BA) on 1 mg of total cell extract and protein G-Sepharose for 2 h at 4°C. Immune complex kinase assays were performed by incubating the resulting complexes in kinase buffer and 1 g of soluble GST fusion protein (p53 ) for 30 min at 30°C and analyzed by SDS͞PAGE followed by autoradiography. Control and A-T lymphoblastoid cells were exposed to radiation and harvested 1 h later. Cell extracts were prepared as described (7) . Immunoprecipitation was carried out by using 1 mg of extract and 1 g of either anti-ATM (ATM-5BA), anti-FLAG (M2, Sigma), or anti-HA antibodies at 4°C overnight. Whole-cell extract (50 g) or immune complexes were loaded on 5% SDS͞PAGE gels. Samples were transferred to nitrocellulose by using Towbin's buffer at 100 V for 1 h, and membranes were probed with anti-ATM (ATM-2C1, GeneTex, San Antonio, TX) or anti-phospho-p53 (Ser-15; 16G8, Cell Signaling Technology, Beverly, MA) antibodies.
Results
In Vitro Mutagenesis of ATM cDNA. Although several rare missense substitutions have been identified in the ATM gene in early onset breast cancer, their contribution to malignancy cannot be assumed in the absence of a functional assay. We describe here the use of in vitro mutagenesis of full-length ATM cDNA followed by stable transfection of A-T and control cells to distinguish between physiologically important missense mutations and polymorphisms or rare allelic variants. We previously have described the presence of apparent missense mutations in 89 of 192 breast cancer patients (35) and have chosen a representative group of these patients together with known A-T mutations from a study of German A-T patients (ref. 36 and unpublished data) as outlined in Table 1 . These missense substitutions were selected because they were found specifically in either the A-T or breast cancer cohort, were rare enough to exclude them as common polymorphisms, and were located in the C-terminal portion of ATM near or within its kinase domain. We used site-directed mutagenesis to incorporate the various nucleotide changes into full-length ATM cDNA. Because of the lack of suitable restriction enzyme sites in the cDNA, changes were created toward the C terminus of ATM, which contains the only well described functional domain (3). Consequently, a 5-kb SnaBI-NotI fragment from the 3Ј end of the cDNA (33) was cloned into pSL1180 to generate mutations. Mutants were identified by DNA sequencing, and the SnaBI-NotI fragment was subcloned back into the full-length construct. Presence of the mutation was confirmed further in this construct by DNA sequencing. Because ATM cDNA constructs are very unstable, we also checked the integrity of the constructs with a series of overlapping PCR primers covering the full length of the cDNA (37) . In all, 10 mutant cDNAs were made, four of which are previously described A-T mutations (Ataxia-telangiectasia mutation database, www.vmresearch.org.͞ atm.htm) and five are potential missense mutations identified in breast cancer (Table 1) . We also included the ATM mutant SRI2546del3, which produces near full-length ATM protein but is less stable than wild-type ATM, as a previously characterized A-T control (38) . A schematic representation of the distribution of the amino acid substitutions and deletions produced here appears in Fig. 1 . 
Nucleotide and the corresponding amino acid alterations are indicated. The allele frequencies of the selected missense substitutions in 192 breast cancer patients are indicated. These missense substitutions were confined to one of both groups and were not observed among 100 control individuals from the general population. 
Distinguishing Missense Mutations from Rare ATM Variants in Stably
Transfected A-T Cells. We have shown previously that full-length ATM cDNA (pMAT1, wild type) corrects the radiosensitivity and other aspects of the A-T cellular phenotype (33) . When pMAT1 was introduced into A-T cells (AT1ABR) under the control of a metallothionein II-inducible promoter, exposure to ionizing radiation postinduction (CdCl 2 ) caused the activation of ATM kinase as determined in vivo by phosphorylation of p53 Ser-15 at 1 h postirradiation or by immunoprecipitation of ATM from cell extracts followed by phosphorylation of a p53 substrate in vitro (Fig.  2a) . No ATM kinase activity was detected in transfected, uninduced AT1ABR cells. Expression of recombinant ATM was demonstrated by using anti-FLAG antibody. The low basal FLAG signal in the uninduced lanes is nonspecific, because this was observed also in untransfected control cells (results not shown). The introduction of an ATM cDNA containing a genuine missense mutation into an A-T cell line would not be expected to correct the phenotype. We used this strategy to distinguish between pathogenic ATM mutants and nonfunctional variants. All three A-T known missense mutants (V2716A, R2849P, and G2867R) together with the deletion mutant SRI2546del3 failed to elicit ATM kinase activity in AT1ABR cells whether ATM kinase activity was determined by phosphorylation of a p53 substrate in vitro or by phosphorylation of p53 Ser-15 in vivo (Fig. 2 a and b) . Failure to observe kinase activity was not caused by a lack of expression or instability of the mutant proteins, because immunoprecipitation with anti-FLAG antibodies followed by immunoblotting with ATM antibodies revealed the presence of approximately equal amounts of ATM in all cases (Fig. 2 a and b) . In a lymphoblastoid cell line, established from a patient with A-T who was compound heterozygous for V2716A, and a truncating ATM mutation on the second allele, ATM kinase activity was reduced markedly, and mutant ATM protein levels were low (results not shown). No kinase activity was observed in AT1ABR transfected with cDNA for the A-T deletion V2662 del (Fig. 2d) . In this case the amount of expression of ATM was undetectable, which would explain the failure to see induction of kinase activity. To test ATM expression, we analyzed a lymphoblastoid cell line from a patient with A-T who was homozygous for V2662del. Low levels of ATM protein and an absence of induced ATM kinase activity also were characteristic of this cell line (results not shown), indicating that this substitution destabilized the protein. This phenomenon has been described previously for some missense ATM mutations (39) .
We used the same approach for the five ATM variants described in patients with breast cancer as outlined in Table 1 . Four of these (A2274T, G2287A, C2464R, and G2772R) had normal induction of kinase activity in vitro and in vivo when assayed in AT1ABR (Fig. 2 b-d) . Again, the level of ATM expression was confirmed in these transfected lines with anti-FLAG antibodies. When Ser-2592 was mutated to Cys (S2592C), no kinase activity was observed when the cDNA was introduced into AT1ABR cells, indicating that this was a genuine missense mutation (Fig. 2c) . ATM protein expression was detected also in these cells with anti-FLAG antibody.
Because A-T cells are hypersensitive to ionizing radiation, the introduction of ATM cDNA containing a genuine missense mutation also should fail to correct this cellular phenotype in A-T cells. All five known A-T mutations (SRI2546del3, V2716A, R2849P, G2867R, and V2662del) failed to alter the extent of radiosensitivity when introduced into AT1ABR cells (Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org). Elevated levels of radiation ICAs also are characteristic of A-T (33). As observed for survival postirradiation, the known A-T cDNA mutants did not reduce the level of aberrations (2.98-3.20 ICAs per metaphase) in A-T cells (Table  2) . On the other hand A2274T, G2287A, C2464R, and G2772R cDNAs corrected the radiosensitive phenotype of the A-T cell line, AT1ABR (Fig. 5) . These cDNAs also reduced the levels of radiation ICAs from Ϸ3 ICAs per metaphase to Ϸ1 ICA per metaphase (Table 2 ). Both sets of data provide further evidence that A2274T, G2287A, C2464R, and G2772R are missense variants not interfering with the function of ATM. However, S2592C failed to correct the radiosensitivity and elevated chromosome aberrations in AT1ABR cells, confirming that it was a genuine mutation ( Fig. 5 and Table 2 ). Lim et al. (8) have shown recently that radiation-induced phosphorylation of nibrin on Ser-343 is inhibited in a dominant negative manner by overexpression of ATM containing a double mutation (D2870A,N2875K) in the kinase domain, which renders the molecule inactive. We predicted that this also might be the case for the known ATM mutants used in the present study and would be another means of distinguishing neutral variants from pathogenic mutations. As expected, introduction of wild-type cDNA into a control cell line (C3ABR) did not interfere with normal ATM kinase activity (Fig. 3a) . When ATM kinase activity was determined in normal control cells transfected with V2716A, R2849P, and G2867R, there was no evidence for radiation-induced phosphorylation of p53 on Ser-15 in any case (Fig. 3 a and b) .
Interference with radiation-induced kinase activity was observed also in in vitro immunoprecipitation of ATM by using p53 as substrate (Fig. 3 a and b) . ATM kinase activity was abolished also in cell lines expressing cDNA with a 3-aa deletion (SRI 2546del 3; Fig. 3a) . This inhibition was also the case when in vitro kinase activity was determined. In all these examples, ATM protein was detected by using anti-FLAG antibodies suggesting that the observed effects were caused by mutant protein expression. The inhibition observed with immunoprecipitated ATM suggests that the mutant forms of ATM interfere with the activation of ATM kinase after irradiation. The V2662del mutant did not interfere with activation, again most likely because of the low expression of mutant ATM protein in vitro. When four of the rare variant forms of ATM cDNA (A2274T, G2287A, C2464R, and G2772R) were transfected into control cells, there was no interference with ATM kinase activity measured in vivo or in vitro (Fig. 3 b-d) . However, S2592C, which we have shown to express mutant ATM protein, behaved similar to the known A-T mutants in that it prevented the activation of endogenous ATM kinase in vivo and in vitro (Fig. 3c) .
Because the mutant forms of ATM interfered with endogenous ATM kinase, it seemed likely that they also would sensitize these cells to ionizing radiation. After exposure to radiation, cells transfected with the known A-T mutant cDNAs (SRI 2546del3, V2716A, R2849P, and G2867R) as well as the initially identified variant S2592C showed enhanced sensitivity to radiation similar to that observed in an A-T cell line (Fig. 6 , which is published as supporting information on the PNAS web site). This sensitization was supported by radiation ICAs, which were of the same order as those seen in irradiated A-T cells (Table 3 ; 2.92-3.42 ICAs per metaphase). None of the other variant cDNAs (A2274T, G2287A, C2464R, and G2772R) or the V2662del mutant had an effect on the cellular radiation response, whether determined by cell survival or level of ICAs (Fig. 6 and Table 3 ).
Mode of Interference of Mutant ATM Protein. We have described here that mutant ATM protein interferes with normal ATM kinase activity. However, in A-T heterozygotes, although intermediate sensitivity to radiation has been reported (14-16), 20 sb, chromatid breaks; cb, chromosome breaks; Int, interchanges. Fifty metaphases were analyzed for each sample after exposure to 1 Gy of radiation and in the presence of CdCl 2. Data for ICAs are the mean. Fig. 3 . Effect of stable transfection of control lymphoblastoid cells (C3ABR) with full-length and mutant forms of ATM on ATM kinase activity and radiosensitivity. (a) C3ABR cells were stably transfected with wild type, SRI 2546del3, or V2716A. ATM protein was induced, and cells were irradiated (IR) as described in the Fig. 2a legend. (Lower) ATM kinase in vivo; (Upper) In vitro ATM kinase using p53 1-40 as substrate; (Middle) expression of FLAG-tagged ATM determined by immunoprecipitation (IP) with anti-FLAG antibodies followed by immunoblotting with anti-ATM antibodies. WB, Western blot. (b) C3ABR cells stably transfected with R2849P, G2867R, or A2274T and ATM kinase activity and protein expression were determined as described in Fig. 2a the legend. The panels are as described for a. (c) C3ABR cells stably transfected with G2287A, C2464R, or S2592C. ATM protein and kinase were induced and assayed as described for a. (d) C3ABR cells stably transfected with wild-type, V2662 del, or G2772R and ATM kinase activity and expression were determined as described for a.
radiation-induced kinase activity is normal (results not shown).
Normal kinase activity can be explained by instability of the mutant ATM protein, which in reduced amounts does not discernibly interfere with ATM. To explain the dominant interference observed in these studies we determined the relative amounts of mutant (S2592C) and endogenous protein in transfected cells. Mutant protein was immunoprecipitated with anti-FLAG antibody from transfected, induced control (C3ABR) cells followed by immunoblotting with anti-ATM and anti-FLAG antibodies (Fig. 4a) . Immunoprecipitation of the resulting supernatant with anti-ATM antibodies revealed approximately equal amounts of endogenous ATM regardless of whether the mutant ATM protein was being expressed (Fig. 4a) . Absence of a FLAG signal in these immunocomplexes (ATM-IP) demonstrated that mutant protein was not contributing to the ATM measured under these conditions.
We also determined whether the dominant interference might be due to ATM-ATM association. To check for this we used an A-T cell line (AT3ABR) not expressing detectable levels of ATM protein (38) . These cells were stably transfected with ATM-FLAG (pMAT1) and ATM-HA (pMAT3) sequentially, and clones were isolated as described under Materials and Methods. Coimmunoprecipitation was demonstrated by using anti-HA antibodies followed by immunoblotting with anti-FLAG antibodies (Fig. 4b) . Immunoblotting with anti-ATM antibodies confirmed that this protein was ATM.
Discussion
Intermediate sensitivity to ionizing radiation is well documented for cell lines from A-T heterozygotes employing a variety of methods based on cell survival and chromosome damage (14) (15) (16) . Haploinsufficiency of the gene is evident also in mice where Atm ϩ͞Ϫ carriers display increased sensitivity to radiation, manifested by decreased survival and premature graying after exposure to sublethal doses of radiation (40) . Adverse clinical manifestation of the abnormal gene in human carriers is supported also by higher mortality rates and earlier age of death from cancer and ischemic heart disease (41) . Nevertheless the relationship between mutations in the ATM gene and cancer predisposition has remained controversial (42) . Added to this controversy is the inability to distinguish between physiologically important missense mutations in the ATM gene and polymorphic variants, which is complicated further by the identification of only one functional domain in this protein thus far (3) . The assay system we described here provides an approach to identifying functionally relevant missense mutations in coding regions of the ATM gene and distinguishing them from neutral missense variants. However, some missense changes may not interfere with ATM kinase activity and radiosensitivity but have more subtle effects on the interaction of ATM with other proteins important on other aspects of radiation signaling. This assay also can be adapted readily to include intronic sequences in the cDNA construct to detect nucleotide changes giving rise to splicing defects. Variants in the ATM gene have been reported widely, and a recent study described 34 intragenic polymorphisms or rare variants in the gene for which it was not possible to rule out functional effects on ATM (43) . Of the five breast cancer variants investigated here, only one, S2592C, was shown to be a genuine missense mutation. The S2592C mutation is in the same exon (exon 54) as SRI2546del3, and both produce mutant protein lacking ATM kinase activity, which has a dominant interfering effect. This substitution could alter the conformation of ATM or disrupt a potential phosphorylation site in the SSQL sequence involved and thus render the kinase inactive.
We have demonstrated that missense mutations in regions of the ATM protein, away from the kinase domain, lead to a dominant interfering effect on the activation of normal ATM kinase. Because we observe interference with normal kinase activity under the conditions of the in vitro assay, both mutant and wild type would be expected to be in the same immune complex. Indeed, there is evidence that ATM is present in a complex termed Brca1-associated genome surveillance complex (BASC; ref. 44) . We have shown here that different epitopetagged forms of ATM coimmunoprecipitate, which is suggestive of multimerization. Smith et al. (45) have described a higher order of assemblies (tetramers) of ATM using atomic force microscopy also supporting ATM-ATM association. In addition, it has been reported previously that overexpression of a kinase dead ATM cDNA has a dominant interfering effect on ATM kinase activity (8) . However, with the system used here, mutant ATM protein expression is approximately equal to that found for the wild-type allele and, if ATM is present in a multimeric form, could explain how equal expression gives rise to a dominant interfering effect.
ATM protein is not detectable in the presence of truncating mutations, and instability is observed also with some missense mutations. No ATM protein is detectable in a patient homozygous for a double missense mutation, and 9 of 10 A-T heterozygotes have been reported to have reduced expression of ATM protein (39) . However, mutant ATM protein was detected in two families carrying the presumed missense mutation V2424G, which is strongly associated with breast cancer (12) . In addition, a stably expressed exon 24 polymorphism of ATM, substituting arginine for proline, was also associated with breast cancer (46) . We have described here reduced but detectable levels of ATM protein containing rare missense mutations. Thus even low levels of mutant ATM protein have the potential to interfere with ATM function and might in this way contribute to cancer susceptibility, as envisaged in the model outlined by Gatti et al. (32) . It seems likely that a reduced amount of ATM protein in heterozygotes is responsible for the widely described intermediate sensitivity to radiation. This hypothesis is supported by transfection experiments with antisense ATM cDNA where reduced ATM protein sensitizes cells to radiation (47) . A dominant interfering effect of mutant ATM protein together with the reduced amount of wild-type protein in A-T heterozygotes may tip the balance further in favor of genome instability and cancer predisposition. The case of S2592C in our study shows that functionally and clinically relevant missense mutations exist beyond those that were identified within A-T families. The approach we have described here offers the possibility of extending mutagenesis of ATM cDNA to include any missense mutation͞rare variant observed in patients with breast and other cancers to test for interference with normal ATM function. This approach would be a forerunner to generating an animal model of such a missense mutation to study cancer susceptibility.
